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or successful product and process definition, implementation, and evolution, developers increasingly look to software measurement techniques. [1] [2] [3] We typically regard measurement as essential for project-but less so for processmanagement. Yet without adequate quantitative support, we can't readily comprehend, much less master, the complexities of software structure, testability, quality, reliability, or safety. Only with measurement-based frameworks can we approach anything like an engineering ethos in activities vital to effective software production that are, all too often, ill-defined and poorly managed.
Measurement programs can facilitate a true engineering approach to software development, and specifically software product and process improvement, giving developers a competitive advantage over those who pursue more traditional approaches. Measurement programs can also ensure that welldefined measurement frameworks emerge, along with rigorously defined measures and meaningful data. (We prefer the term measures rather than metrics, as metric connotes a generic distance measure in the mathematical and physical sciences.) Successful software measurement is inextricably linked to the elicitation, definition, and manipulation of both the empirical models of real-world entities and activities to be measured and their formal numerical models. These models are fundamentally interrelated, as the box "The Role of Models in Measurement" on page 47 describes. In this article we propose a framework or metamodel called the Model, Measure, Manage Paradigm (M 3 P), which is our extension of the well-known Quality Improvement Paradigm/Goal-Question-Metric paradigm.
2,4 M 3 P helps counter a contributing factor commonly seen in failed measurement programs, namely the lack of well-defined links between the numerical data and the surrounding development and business contexts, by coupling technical, business, and organizational issues into a given measurement program context. An example where links are important is in highly technical measurement and analysis reports, which do not generally answer the concerns of senior executives. We present some early experience with our framework gathered from several case studies, discuss the eight stages of M 3 P implementation, and briefly describe a tool set we developed for use with M 3 P.
MODEL-BASED MEASUREMENT
The first step in defining a measurement program is to build an empirical model, which means we must identify the technical, cultural, organizational, and business issues that underlie the model. This includes strategic direction as well as specific business and technical goals. For example, an issue might be "increase market share," a strategic direction might be "differentiate on the basis of product quality," and a goal might be "increase product quality."
A common approach to defining the empirical model is the TotalQuality-Management-derived QIP, usually coupled with GQM, which is a useful tool for decomposing goals into specific measurement requirements (statements about what needs to be measured). For example, concerning the goal "increase product quality," we ask, what is quality? The answer lets us derive measures that help us answer the question in terms of meeting the goal. In this case, quality measures, direct or surrogate, can be derived from the appropriate "quality model."
Despite the popularity of the QIP/GQM approach, we have found that it often leaves important environmental and measurement issues implicit rather than explicit-such as how the top-level goals relate to business imperatives. With M 3 P, we have essentially extended the QIP framework by providing additional features designed to (1) reflect known measurement program success factors and (2) support data measurement, analysis, and interpretation. M 3 P can readily incorporate GQM as an explicit measure selection technology, which is a means for selecting measures that readily illuminate and support the achievement of business and development goals. M 3 P's particular strength is that it embodies business-related issues, which lead to defining the goals, such as an explicit business model, that can then drive an embedded GQM approach or some other measure selection process. Further, with M 3 P we can readily feed measurement data back into the empirical model, as shown in Figure 1 .
An explicit business model ensures that the software development goals driving the measurement program are properly grounded in a company's business rationale. Then, guided by a company's strategic business plans and company stakeholders, we can derive key success criteria, risk factors, and associated critical success factors. In practice, this combination of risk 4 6 M A R C H / A P R I L 1 9 9 7 and success factors helps identify a modest set of development-related goals that can effectively and efficiently link directly into the measure selection technology. The M 3 P mediated progression from high-level business goals to measurement program is best handled via a series of facilitated workshops. As the measurement program details emerge, they must be checked for viability. This is the role of the "Measurement success factors" box in Figure 1 , based on the Jeffery/Berry success-factor framework (see box on page 50).
Establishing quality improvement goals and defining these goals do not necessarily lead to successful measurement programs in practice: 80 percent of TQM programs meant to improve organizational performance are said to fail. 5 Michael Berry and one of us (Jeffery) studied measurement program failures and developed a framework for evaluating success factors. 3, 6 Experience showed that values derived using this framework correlated well with the success or failure of the organizations studied, and that the framework could serve as a measurement planning and implementation checklist and thus predict the likelihood of success of the emerging measurement program.
In practice, a software measurement program is most likely to succeed as part of a larger (qualitative) software quality management system or a TQM program, both of which are conducive to software improvement.
The measurement program then benefits from a proper engineering and business ethos, which encourages continuous improvement, quantitative methods, and knowledge codification.
APPLYING M 3 P: A CASE STUDY
One of the first mistakes many companies make in establishing measurement programs is to identify measures and then generate measurement procedures with little or no regard for the business and management issues that give meaning and rationale to these procedures. The M 3 P framework, on the other hand, helps companies identify the necessary prerequisites to measurement to maximize the
THE ROLE OF MODELS IN MEASUREMENT
Effective software measurement and meaningful data interpretation depend on recognizing the essential duality of all measurement processes. Measurement involves the definition of two models: the empirical, real-world context in which the measurement is to take place and a numerical model incorporating well-defined measurement-based aspects of the empirical model. Measurement theory involves defining formal mappings between the two models and in the process choosing an appropriate measurement scale.
1,2 The overall measurement process is shown in Figure A . The essential interrelationships between the empirical and numerical models underlying the measurement process require us to have a unifying framework, or metamodel, to reason about these models and their interrelationships.
Figure B illustrates a generic model hierarchy. Any given software-related empirical measurement model can be regarded as being built out of software and/or process fragments (submodels) i, j, and k. The corresponding formal numerical model is represented by the primed model and model fragments. If we are to reason about the effectiveness and evolution of measurement models, we must define a metamodel for building, reasoning about, and modifying the empirical and numerical measurement models. Moreover, it must require a (closed) meta-metamodel for defining the metamodel's syntax and semantics (for example, graph and set theory). Any level is the extension of the level above and the intension of the layer below. A similar four-level model hierarchy is the basis of the CASE data interchange format standard for CASE tool interworking. . relationships between the empirical model and the numerical model. To exploit the M 3 P framework, developers must progress from the prerequisitesbusiness imperatives-to measurement program design, implementation, utilization, and review in an orderly fashion, as follows.
1. Understand the business strategy. 2. Identify business goals, substrategies, risks, and tactics that depend on successful software development, use, and support.
3. Determine the critical success factors.
4. Define specific software development goals, based on the first three steps.
5. Pose questions. 6. Identify and define measures. 7. Set up the program: Generate detailed procedures and define reports (for all stakeholders).
8. Regularly review the program by revisiting the above seven steps.
We discuss these eight stages in the context of a case study we conducted with a small telecommunications company. The company had been trying to develop a metrics initiative for some 18 months prior to the use of M 3 P. Through the M 3 P business modeling focus and GQM as the measure selection technology, the company derived and agreed on a set of software metrics in mere weeks.
Understanding the business strategy.
Companies often overlook this crucial stage in measurement programs that are driven mainly by technical goals. To successfully initiate a measurement program, developers must first express development goals in the context of the organization's underlying business strategy. For example, in our telecommunications case study, the software measurement initiative was being driven by the quality assurance section under a senior software manager's direction. The organization was primarily concerned with defects, so the measurement initiative revolved around counting defects in delivered software releases and reporting these as a count over time. Not surprisingly, when software was released early, the pattern was one of numerous defects, which declined as the deployed software matured. When a new release was delayed, the defect count for the period under study would appear better than expected. Consideration of business strategy revealed additional organizational strategic requirements to improve both quality and time-to-market that needed to be fed into the goal setting process. Without this consideration, the company would not have resolved the tension between defect rates and timeto-market.
Identifying the business goals. From the overall business model, technical staff and managers must then jointly identify those business strategies, goals, plans, risks, and tactics that depend on successful software development, use, and support. The linkages between success in software development and success in the overall business must be clearly identified, agreed upon, and fully understood by the entire company.
In our case study, participants from the company spent several weeks in workshops and discussions before they could translate the business strategies of reduced defects and market-aligned schedules-that met customer needsinto a set of goals and tactics. Much effort focused on establishing a common understanding of purpose-of the intersection of technical and market imperatives-among the organization's employees that would be affected by any new measurement program.
Determining the critical success factors.
All the critical aspects of the linkages identified above, and the consequences of failure, should be clearly expressed. At this stage it's possible to consider some generic organizational success factors 3 concerning the introduction, maintenance, and improvement of software measurement programs.
In our case study, the Jeffery-Berry Defining specific software development goals. If a company has successfully completed the preceding three stages, it will now have goals that must be listed and characterized. Three to five goals critical to the company's success are usually sufficient.
In this stage of the M 3 P process, the telecommunications company decided on the GQM paradigm, shown in Figure 2 , as the measure selection technology. The company had three goals: a market-aligned software development schedule, more responsive new-product development, and more responsive existing-product enhancement.
Posing the right questions. The software development goals derived earlier must now be decomposed, in the GQM sense, into a set of questions to be answered if there is to be any confidence that these goals will be met. Once the questions are formed, the benefits of the M 3 P approach become evident. By virtue of the focus on critical success factors and the consequent risk management focus, M 3 P helps prevent an explosive growth of goals, subgoals, questions, and measures, which can be problematic and is characteristic of the traditional GQM approach.
2 Those "branches" of the GQM "tree" that do not contribute directly to risk management can, and should, be pruned.
Identifying and defining the measures.
The questions posed in the preceding stage will typically reflect business, organizational, project, and technical concerns. The measures necessary to answer these questions will also reflect this diversity. Figure 3 illustrates the hierarchical nature of the M 3 P approach, with welldefined linkages between measures at the project management and generalmanagement levels. Generally, information derived from measurement data at one level becomes the data set for the next level up in the hierarchy. For example, the measures and associated data collected at the project level should satisfy the requirements for management measures at the next level of the hierarchy. The M 3 P measure definition process relies on this stakeholder hierarchy to ensure that management reporting is adequately supported by measurement data. Complex measures, especially those relating to customer satisfaction, may need to be resolved by making use of Quality Function Deployment-which is a structured technique for relating implementation details with end-user requirements-or similar methods.
2 Establishing the program. Once a company defines the measures, along with related collection and analysis procedures, the company establishes the program by identifying measurement program personnel and resources, and by generating procedures and reports. The hierarchical nature of the M 3 P approach comes explicitly into play.
At this point, the telecommunications organization has not proceeded to a stage where we can report on its program.
Reviewing the program. An established program needs a well-defined, rigorous, and formal review process, preferably determined early in the program. Regular reviews ensure gradual program optimization, especially in costbenefit and ROI contexts, and program continuity in meeting the business . requirements that drove its inception.
M 3 P IN PRACTICE: OTHER EXAMPLES
The M 3 P approach applies to both large and small individual projects as readily as it does to whole organizations. Although the contexts, type, and scope of the facilitation processes change, the approach does not. All individuals participating in, as well as those benefiting from, an M 3 P measurement program should be represented at the planning, implementation, and review stages to help secure the required degree of commitment. The detailed management and timing of program planning, implementation, and review largely depend on a compa- Ross Jeffery and Michael Berry 1 derived the following 34 (since expanded to 80) essential statements that define important success factors for defining, introducing, managing, and evolving a measurement program. In the context of M 3 P, these measurement program success factors can "bootstrap" the framework's experience base and can productively be aligned with broader business-related success factors, as described in the main text.
Context: The overall environment within which the measurement activities take place
C1: The goals of the measurement program are congruent with the goals of the business.
C2: The measured staff participate in the definition of the measures.
C3: A quality environment has already been established. C4: The development processes are sufficiently stable. C5: The required measurement granularity can be determined and the data is available.
C6: The measurement program is tailored to the needs of the organization.
C7: There is senior management/sponsor commitment. C8: The objectives of the measurement program are clearly stated.
C9: There are realistic assessments of the pay-back period(s).
Inputs: The resources (human and otherwise) available to support the measurement activities
I1: The measurement program is resourced properly. I2: Resources are allocated to training. I3: At least three people are assigned to the measurement program.
I4: Background "research" into measurement programs and their effectiveness is being done. ny's individual culture and management style. Also, our experience shows that sometimes companies need controlled breaks between the M 3 P stages to collect missing data or to rectify identified problems.
Process: Any measurement-program-related activity
In addition to our telecommunications company case study, three other organizations have used the M 3 P metamodel. These include a small software corporation, a large government organization, and the systems development division of a large multinational.
Small company. The software corporation employs about 60 people who develop application software for various industries in Australia and the United States. The organization, which uses several hardware platforms and application languages, developed a business model that included a prioritized set of software goals and used them to determine its measures. In M 3 P terms, the company had effectively formed the business basis for their measurement initiative and carried out a preliminary measure selection process without resorting to the GQM paradigm or other published techniques.
The measure selection process indicated that the corporation's high-priority goal was to improve the software cost estimation process and that one opportunity for improving it was with function points. They already had a very accurate time-recording system, so they could study their development environment's productivity drivers.
In this case, the organization applied M 3 P to evaluate function points. 7 The measurement success factors component of M 3 P was used as a checklist to assure the measurement initiative's successful outcome. The company considered the measurement initiative a complete success on the basis of function point data collection and extensive productivity analysis. Several factors were discovered with M 3 P that, if not changed, would have threatened the longer-term viability of the program:
for example, lack of staff resources for effectively utilizing the collected data.
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Government organization. We also studied a large government agency at a much earlier stage in its measurement initiative than we experienced with the software company. At the time, the agency had only loosely developed a business model. We applied the M 3 P model to study the intended direction and likely success of a measurement initiative. We used a goalsetting workshop and GQM to define possible software measures, because it was too early in the measurement initiative to apply measurement success factors. The measures that the agency eventually developed concerned productivity improvement, specifically in recording and sizing effort. At the time we wrote this article, the agency had established neither an experience base nor success factors.
The government agency received most benefit from M 3 P in the way in which it let them focus on their business goals and the measurement implications of these, something they had been unable to achieve previously.
Systems development.
In a large multinational company's systems development division, which designed and built real-time embedded systems for a wide range of applications, the M 3 P approach uncovered several process inefficiencies related to estimation, process definition, and defect discovery. These had to be remedied before the proposed measurement program could begin. Improved process areas are now the focus of the division's growing measurement program. When the company validates the present project-based approach, it will instigate a divisionwide measurement program. This incremental approach, supported by the M 3 P framework, maximizes the division's chances of longterm success.
Data storage and analysis. In all our case studies, the organizations lacked support for data storage and analysis. The software corporation, for example, relied on a university research group to carry out these activities, but this was obviously not a long-term solution.
Most measurement programs use some computer-based tools. Usually, however, the tools fail to address key aspects of software measurement, especially those concerning empirical models and reuse. Automated context capture, data collection, and analysis, along with historical data, can greatly enhance the effectiveness of predictive estimation models, the creation of project "process templates" (welldefined and well-characterized reusable process descriptions), the utility of postproject reviews, and the accuracy of sizing while encouraging process assessment and improvement. 9 The intrinsic difficulties associated with identifying, modeling, and measuring the attributes of abstract entities require innovative approaches to computer-based tool support.
In response to the unsustainable overload imposed by manual data collection, analysis, and reporting methods, we have developed a software measurement tool set called Squatter-for software quality tools (see the box, "The Squatter Toolset," on page 52). Squatter is essential for enabling M 3 P's full power, in that it embodies and actively supports the M 3 P framework as well as supports the resulting modeling and measurement obligations.
The toolset fosters the practical investigation and methods needed for
In all our case studies, the organizations lacked support for data storage and analysis. Squatter offers tool-based support for measurement-oriented metamodels such as the M 3 P framework and for the (persistent) capture and management of measurement data. The toolset's design is shown in Figure A . In practice, Squatter captures enactable models for frameworks such as M 3 P and QIP/GQM. An enactable model is one that guides the user, step by step, through the basic stages required by the model and, where appropriate, provides automated support for these steps. These models then guide users in setting up and managing measurement programs, choosing measures and analysis methods, constructively utilizing past experience, defining measurement plans, and structuring reports. Squatter also provides tool support for defining and managing empirical studies and for building predictive (estimation) models. Because it can capture all aspects of the measurement process, this architecture readily facilitates the packaging and utilization of experience captured during the use of the tool set as an adjunct to conventional software project management applications.
The tool set integrates various other software tools in an open architecture. It can serve as a stand-alone tool set or as part of a CASE environment. A persistent repository (Versant Object Technology's ODBMS) stores designs, models, measurements, data, and analysis results. MathSoft's S-Plus system 1 provides consistency of results presentation (more than 30 types) and predefines the data sets for statistical processing as S-Plus language basic data types.
The tool set's core functionality, summarized below, aligns closely with the four canonical stages of measurement shown in Figure A .
General functions:
♦ building empirical models of measurable entities, ♦ retrieving source models and data for measurements, ♦ performing data analysis, results presentation, and interpretation, and ♦ storing results and models for future use. Inputs: (data meaningfulness is automatically checked) ♦ data from an entity repository-automatically loaded after a measurable entity is selected by the user and assigned to the entity's attributes in the Squatter entity presentation, ♦ data from the metrics repository-generated and collected during current or previous sessions, and ♦ user-supported data (attributes and parameters of the entities, data presentation, and methods). User session activities: ♦ navigating through the models, metrics, and methods applicable to selected entities and pointing to ones for the current session. ♦ performing the actual measurements (including CASE tool linking), ♦ assessing and statistically processing measurement results, and ♦ storing results for the future (appending, assessing, decision making, modifying empirical models, and so forth). To provide this functionality in a flexible manner, we implemented Squatter as a library of generic and specific classes, which provides meaningfulness for specific methods and their applicability to specific entities in accordance with the product, process, resource, and environment classification proposed by Norman Fenton and Shari Lawrence Pfleeger.
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(Meaningfulness is the specific linking of appropriate measures and analysis methods with the software development artifacts subject to measurement.) On the basis of predefined classes of entities and measures, new classes can be derived to add new features or change existing features and their behaviors. Squatter supports new measurement methods by letting new member functions be added to the existing measure base for direct methods, 2 or by S-Plus function implementation for indirect methods.
The tool set supports script-driven measurement sessions that ensures automatic analysis of any repeated measurements (for example, the generation of weekly software project management status reports). The Squatter GUI features switchable screen panels for each stage of the measurement session. . experimental design, empirical model reuse, measurement, and data analysis for different models of software and process entities. On the one hand, because companies need to minimize the cost and effort associated with software measurement, a generic model-driven tool set framework is an appropriate start, so long as it can subsequently be tailored to suit specific requirements. It should be robust, automatic, self-explanatory and easy to use, and it should not overburden developers with onerous measurement-related work practices, such as data collection. 10 On the other hand, it would be inappropriate, because of the numerous possible measurement goals and types of measurable software and processes, for companies to stick with a fixed set of "ready-to-use" tools. A tool set framework such as Squatter should let new tools be added and new data sources or data repositories be defined. It should also support diverse user activity.
THE SQUATTER TOOLSET
holistic approach aids both the successful establishment and maintenance of software measurement programs, and it reflects the fundamental interactions that exist between empirical models of the entities to be measured and the corresponding numerical models. A constructive, formal framework helps us reason about software measurement, especially the meaning and interpretation of numerical results, as exemplified by our M 3 P metamodel. M 3 P thus supports effective business-driven modeling, as well as measurement program definition, implementation, and analysis.
Preliminary validation of our M 3 P approach with our industrial partners is complete, with highly encouraging results. More in-depth industry-based trials will begin in Q2 of 1997, including a longitudinal study at the systems development division of the large multinational referred to above, aimed at evaluating the long-term effectiveness of the M 3 P approach. We expect that the tool set will be released as a commercial product when the trials are complete.
